Summary Animal models suggest a role for osteonectin/ SPARC in determination of bone mass. We found haplotypes consisting of three single nucleotide polymorphisms (SNPs) in the 3′ untranslated region (UTR) of the osteonectin gene are associated with bone density in Caucasian men with idiopathic osteoporosis.
Introduction
Heritability estimates suggest that genetic factors account for at least 50% of the observed variation in bone mineral density (BMD) [1] . Thus, there is potential clinical value in identifying the genetic components of osteoporosis and in characterizing genotypes associated with decreased bone density. Men with idiopathic osteoporosis (IOM) represent a well-defined cohort of individuals who have undergone extensive clinical evaluation for osteoporosis, but for whom no etiology has been found [2, 3] . While there is recent evidence that low body mass index (BMI) and perturbed sex steroid status may be contributory to the pathophysiology of this disorder, there is a growing body of data suggesting that the IOM phenotype may be attributed to genetic determinants [4] [5] [6] [7] . First, there is a much higher prevalence of osteoporosis in first-degree male relatives of these men than might be expected in the general population [5, 7] . In addition, there is evidence suggesting that men with idiopathic osteoporosis exhibit a defect in bone acquisition, and acquisition of bone mass is largely genetically determined [1, 5, 8] . Because it is postulated that genetic polymorphisms may result in small functional or regulatory differences that can affect BMD over the lifetime of an individual, studying single nucleotide polymorphisms (SNPs) may yield valuable information about the genetic etiologies of osteoporosis, and men with IOM appear to be an optimal cohort in which to do so [8] .
One candidate gene that may impact bone mass is osteonectin (SPARC or secreted protein acidic and rich in cysteine; BM-40), a 43 kiloDalton intracellular and extracellular matrix glycoprotein [9] [10] [11] . Abundant in bone, secreted osteonectin binds both collagen and hydroxyapatite and regulates collagen fibril assembly. Osteonectin modulates cell behavior, at least in part by modifying signaling initiated at selected transmembrane receptors [10, 12] . Osteoblasts from patients with osteogenesis imperfecta synthesize less osteonectin than age-matched controls, and animal models of osteopenia and osteogenesis imperfecta suggest that osteonectin may be important in the maintenance of bone mass [13] [14] [15] [16] . Osteonectin-null mice develop low turnover osteopenia characterized by decreased mineral apposition rate and decreased osteoblast numbers. Osteonectinhaploinsufficient mice also display osteopenia, particularly at the lumbar spine [11, 17] . In vitro studies indicate that osteonectin-null osteoblasts are more sensitive to apoptotic stress and develop a less differentiated phenotype. These studies highlight the importance of osteonectin in normal bone remodeling and in maintenance of skeletal mass [18] .
The 3′ untranslated region (UTR) of a gene is an important regulatory region that controls mRNA stability, trafficking, and translational efficiency through its interaction with trans-acting factors [19] . Thus, polymorphisms in 3′ UTRs have the potential to modulate gene expression levels, and SNPs in the 3′ UTR of the osteonectin gene have been associated with systemic sclerosis, a fibrotic disease in which osteonectin expression is increased in multiple organ systems [20] . Because of the important role osteonectin plays in the mammalian skeleton, we sought to explore the relationship between osteonectin 3′ UTR haplotypes and bone mass [11, 17, 18] . To this end, we studied SNPs at bases 1046, 1599 and 1970 in the osteonectin 3′ UTR, in a well-characterized cohort of men with idiopathic osteoporosis and in normal, matched controls [2, 3] .
Methods

Study population
A total of 56 unrelated Caucasian men with idiopathic low turnover osteoporosis were enrolled at Columbia University Medical Center (CUMC). Inclusion criteria for the study were Z-score less than −2.0 at the lumbar spine, and patients with any known secondary causes of osteoporosis were excluded. This patient group has been previously described [2, 3] . Clinical characteristics include low bone turnover as reflected by reduced indices of bone formation on histomorphometry, and serum and urinary markers of bone turnover in the lower normal range [2] . A control group consisting of 59 healthy Caucasian men with normal BMD (Z-score > −1.0 at all sites), matched for age and body mass index was also enrolled at CUMC. The characteristics of each group are shown in Table 1 . The patient and control groups were not significantly different with regard to alcohol use, smoking or level of physical activity, although the patient group reported an average ∼two fold higher intake of calcium and vitamin D compared with the controls (data not shown). Our analysis was limited to Caucasians, because they comprised the largest ethnic group in the cohort of patients recruited and we wished to minimize genetic variation that might result from population admixture. This study was conducted with the approval of the institutional review boards of CUMC and University of Connecticut Health Center, and all subjects gave written informed consent. Bone mineral density (BMD)
Bone density of the lumbar spine, right hip, and nondominant 1/3 radius was measured by dual energy x-ray absorptiometry using either the QDR 4500 Delphi C, the QDR 4500 A, or the Hologic 1000 W bone densitometer (Hologic, Inc., Bedford, MA). All controls were scanned on the 4500 C on-site; 28 patients were scanned on the 4500 C, seven patients were scanned on a Hologic 4500 C off-site, six patients were scanned on a Hologic 4500 A, and 14 patients were scanned on the Hologic1000 W. One patient was scanned on a GE Lunar densitometer off-site.
To maintain consistency between machines, bone density is expressed as the Z-score, which compares, by SD, individual bone measurements to a database of age-and sex-matched normal population.
Single nucleotide polymorphism (SNP) analysis
All subjects had 20 cc of whole blood drawn for DNA extraction. [20] ). The primer sets used for each analysis are detailed in Table 2 . SNPs 1046 and 1970 were characterized by allele specific PCR, and each reaction contained a positive control for amplification. For SNP 1046, the allele specific PCR primers and PCR reaction conditions corresponded to those described by Lagan et al. [21] . PCR reactions consisted of genomic DNA, 0.2 mM dNTP mix, 1.5 mM MgCl 2 , 0.5 U Taq polymerase (Life Technologies), 20 mM Tris-Cl, pH 8.4, 50 mM KCI, 1.5 μM allele specific forward primer, 0.125 μM control forward primer, and 1.5 μM reverse primer. The cycling parameters used were: 2 min 96°C followed by ten cycles of 15 s at 96°C, 60 s at 65°C, then 20 cycles of 10 s 96°C, 50 s 61°C, and 30 s 72°C. PCR products were resolved on 2% agarose gels and visualized by ethidium bromide staining. For SNP 1970, the allele specific PCR primers and PCR reaction conditions corresponded to those described by Lagan et al. [21] . PCR reactions consisted of genomic DNA, 0.2 mM dNTP mix, 1.5 mM MgCl 2 , 0.5 U Taq polymerase, 20 mM Tris-Cl, pH 8.4, 50 mM KCI, 1.5 μM allele specific forward primer, 1.5 μM reverse primer, 0.125 μM control forward primer and 0.125 μM control reverse primer. The cycling parameters used were: 2 min 96°C followed by 30 cycles of 30 s at 96°C, 45 s at 56°C, and 45 s at 72°C. PCR products were resolved on 1.5% agarose gels and visualized by ethidium bromide staining. SNP 1599 was characterized by single strand conformation polymorphism analysis with primer pairs designed using online software (Massachusetts Institute of Technology; web.mit.edu/cgi-bin/primer/primer3) [22] . PCR reactions consisted of genomic DNA, 0.2 mM dNTP mix, 1.5 mM MgCl 2 , 0.5 U Taq polymerase, 0.2 μM each primer, 20 mM Tris-Cl, pH 8.4, and 50 mM KCl. PCR was performed using 34 cycles of 94°C for 30 sec, 58°C for 30 sec, 72°C for 30 sec, and a final extension at 72°C for 5 min. Single strand conformation polymorphism (SSCP) analysis was performed by mixing an aliquot of PCR product with an equal volume of stop solution containing 95% formamide, 20 mM EDTA, 10 mM NaOH, 0.05% bromophenol blue and 0.05% xylene cyanol. Samples were denatured for 3 minutes at 95°C and subjected to electrophoresis on 8.5% polyacrylamide (acrylamide:bis ratio 39:1), 10% glycerol, 0.5X Tris-borate EDTA gels at 5 W for 15 hours, with cooling (Life Technologies), and visualized by silver staining [23, 24] . Patterns were scored by two blinded observers. Genotyping accuracy was confirmed by sequencing of PCR products (4 for each SNP) using an automated fluorescence sequencer according to manufacturer's instruc- TCC ACA GTA CCG GAT TCT C  CTG CAA TGT GTG TTT AAG GC  1046 G  TCC ACA GTA CCG GAT TCT G  1599  TGG GAC TAG AGG CTC AGT GG  GCT CCC AAA AGT TTG AAC CA  1970 T  TTC TTC ACC CTC CCC TTT T  CTG ATA ATG GTG GTA GTG ATC  1970 G  TCT TCA CCC TCC CCT TTG  Control  TCC TTG GGA AGT GCG TTA TC  TGT 
Statistical analysis
To illustrate the heterogeneity in BMD within the patient and control groups, BMI adjusted Z-scores for lumbar spine, total hip, femoral neck and radius were subjected to tertile analysis. Within each group and for each site, BMI adjusted Z-scores were ranked from low to high, then divided into three equal groups (17-18 individuals/tertile for patients; 19-20 individuals/tertile for controls). Allele and haplotype frequencies in the idiopathic osteoporosis patients were compared to the matched healthy controls using Chi square analysis and Fisher's Exact test. ANOVA was used to determine whether the patient and control groups had significant differences in potentially confounding variables, such as anthropometrics. All analyses were conducted with SAS/STAT v.9.1 software (SAS Institute, Inc., Cary, NC).
Results Table 1 summarizes the group characteristics of the osteoporosis patients and matched controls. All the men with idiopathic osteoporosis had Z-scores ≤ −2.0 at the Total  56  59  24  22  24 One genotype, which contained only one representative, was not included in the analysis due to statistical considerations Number of individuals (percent of population) lumbar spine, with 23% having Z-scores ≤ −2.0 at both the femoral neck and total hip, and 20% having Z-scores ≤ −2.0 at the cortical radius. Healthy controls, by definition, had Z-scores of > −1.0 at all sites as per inclusion criteria (Table 1) . Further, 23% of the osteoporotic patients had experienced fragility fractures, predominantly in the axial skeleton, while there was no history of fragility fracture in the control group. Despite efforts to match patients to controls for age, height and weight, there was a 9% difference in BMI between groups (p<0.05). BMI is an important factor contributing to variance in BMD in men with idiopathic osteoporosis [5] [6] [7] . Therefore, BMD Zscores were adjusted for BMI in all analyses. A schematic diagram of the human osteonectin cDNA is presented in Fig. 1 . SNPs at bases 1046, 1599 and 1970 in the 3′ UTR of the osteonectin cDNA were characterized in osteoporosis patients and controls using allele-specific PCR and SSCP. Genotype frequencies for each SNP were calculated as shown in Table 3 , and frequencies conformed to Hardy-Weinberg equilibrium. For each SNP, genotype frequencies were not significantly different between osteoporosis patients and controls. The dbsnp database at the National Center for Biotechnology Information (NCBI) was interrogated for the distribution of the three osteonectin SNPs of interest in populations of European Americans, African Americans, and Asian Americans. When genotype frequencies for the osteonectin 3′ UTR SNPs were calculated for individuals of European, African or Asian descent, there was no significant difference in genotype frequencies based on ethnic group (Table 3) .
In our cohort of 115 participants, we observed ten different genotype patterns across the three SNPs studied ( Table 4 ). The SNPHap software assigned five haplotypes to 228/230 strands of DNA that we termed A-E (Tables 4  and 5 ). Two men from the control group had an additional haplotype not predicted by SNPHap, "G_C_T" and we termed this haplotype "X". Haplotypes were assigned to the genotype patterns, and Table 4 shows the groups arranged 
Number of individuals (percent of population) Percent of each population with a given haplotype may not total to 100% due to rounding *=significantly different between patients and controls p<0.01; **= significantly different from European Americans p<0.02; # =significantly different from African Americans p<0.04 Fig. 2 BMI-adjusted Z-scores (mean ± SEM) in osteoporosis patients and controls divided into tertile groups (low, middle and high) according to Z-score. Tertile groups are significantly different from each other for each site (spine, femur, hip, radius) (p<0.001) in order from the most common to the least common haplotype pairs. The three most common haplotypes found in our study (A, B, and C) are also the most common haplotypes constructed from the dbsnp data (Table 4 and 5) .
When osteonectin 3′ UTR haplotype frequency distribution was calculated, we found a significant decrease in the frequency of the B haplotype in osteoporosis patients compared with controls, 28% vs. 41%, respectively (p<0.01; Table 5 ). The distribution of the other haplotypes was not significantly different between the patient and control groups.
Differences were also noted in osteonectin 3′ UTR haplotype frequency between ethnic groups. The frequency of the B haplotype was significantly lower in African Americans and Asian Americans compared with European Americans (Table 5) . Similarly, the frequency of the C haplotype was significantly lower in African Americans than European Americans, but was highest in Asian Americans (Table 5 ). There were no significant differences among ethnic groups noted in distribution of the most common A haplotype or the rare D and E haplotypes.
Although the osteoporosis patients as a group were defined as having lumbar spine Z-scores ≤ −2.0, some patients were, in addition, osteoporotic at the hip and radius, while others were unaffected at these sites. Further, although men in the control group were defined as having Z-scores > −1.0 at all sites, Z-scores exhibited a broad Fig. 3 Significant differences in osteonectin 3′ UTR haplotype frequency distribution in low, middle and high Z-score tertiles for osteoporosis patients (p<0.001 for total hip and femoral neck; p<0.01 for lumbar spine; p<0.03 for cortical radius). **= haplotype frequency significantly different from low tertile, p < 0.01; *= haplotype frequency significantly different from low tertile p<0.05 range (i.e., from −0.98 to +4.62 for lumbar spine) ( Table 1) . When Z-scores were corrected for BMI, a fairly broad range remained in both patient and control groups. Recognizing this diversity, these groups were evenly subdivided into tertiles according to BMI-adjusted Z-score at each skeletal site examined (spine, femoral neck, total hip and radius) (Fig. 2) . The tertile analysis illustrates the degree of heterogeneity within the patient and control groups, suggesting sub-classifications of bone mass within each group: low, middle, and high.
To test whether diversity in bone mass would correlate with genetic diversity, osteonectin 3′ UTR haplotype frequency distribution was determined for each tertile in the patient group (Fig. 3) , analyzing lumbar spine, femoral neck, total hip and cortical radius separately. There were significant differences in osteonectin 3′ UTR haplotype frequency across all tertiles and at all sites (Fig. 3) . The A haplotype was most common in the most severely affected patients, with significantly increased frequency of "A" at the lowest tertile of lumbar spine compared with mid and high tertiles (p<0.05), and a trend toward this finding at the other three sites examined (p=NS; Fig. 3 ). To a lesser extent, the C and D haplotypes were also associated with lower bone density, with increased frequency of these haplotypes in the lowest tertile compared with high and middle tertiles at the femoral neck and total hip for "C" and at the lumbar spine, femoral neck, and total hip for the D haplotype, respectively (Fig. 3) . In contrast, the B haplotype was associated with higher bone density. At the lumbar spine and total hip, there was a significantly Fig. 4 Osteonectin 3′ UTR haplotype frequency distribution in low, middle and high Z-score tertiles for controls increased frequency of haplotype B in the middle and high Z-score tertiles, while at the femoral neck and radius this was only appreciated when the highest tertile was compared with the lowest (p<0.01; Fig. 3 ). Finally, there was a significantly higher frequency of the rare E haplotype in the highest Z-score tertile at the total hip, with similar but not significant trends observed for the spine and femoral neck.
When osteonectin 3′ UTR haplotype frequency distribution was determined for each tertile in the control group (Fig. 4) , consistent significant differences in bone density by haplotype were not found. In fact, there appeared to be a fairly similar frequency distribution of haplotypes A and B across all bone mass tertiles, at all sites, in the controls. This observation contrasted with the apparent skewed frequency in patients, in which the A haplotype was overrepresented in the lowest tertiles and the B haplotype was over-represented at the higher patient BMD tertiles (Figs. 3  and 4) .
Since haplotype A is associated with low bone density and haplotype B is associated with higher bone density, we determined the percentage of patients and controls with haplotype pairs lacking A (no A), an A haplotype combined with a B (A + B) , or an A haplotype combined with any haplotype other than B (A + N). We found that 50% of patients had at least one A haplotype in the absence of B, compared with only 30% of controls (Fig. 5 ). Patients were 2.33 times more likely than controls to have an A haplotype unopposed by a B haplotype (p-value for odds ratio n= 0.0549). There was no significant difference between groups in the frequency of the "A + B" haplotype pairing or the frequency of haplotype pairs lacking A. These data suggest that in Caucasian men, osteonectin 3′ UTR haplotype combinations can contribute to bone mass expression.
Discussion
This study provides three novel observations with regard to the candidate gene osteonectin and its relationship to bone mass in men with idiopathic osteoporosis. First, SNP haplotypes in the osteonectin 3′ UTR are associated with idiopathic osteoporosis in Caucasian men. This conclusion is supported by the significant difference in the frequency of the B haplotype between patient and control groups, and the finding of a significant difference in the way haplotypes are paired together in each group. Second, when tertile analysis was performed, osteonectin 3′ UTR haplotype frequency distribution was significantly different between the highest and lowest Z-score tertiles for patients at multiple skeletal sites, indicating haplotypes associated with higher (B) or lower (A, C, D) bone density. Finally, this study identifies osteonectin as a putative candidate gene that affects cortical as well as trabecular bone.
The ethnic variations observed between our Caucasian cohort and the data available from the dbsnp database are noteworthy. Differences in haplotype distribution with ethnicity (European vs. African vs. Asian) are readily apparent (Table 5) , underscoring the necessity of limiting our analysis to a single ethnic group. In addition, the ethnic variation suggests that the osteonectin 3′ UTR haplotype likely operates in a multigenic fashion. We make this inference because African Americans have the highest BMD among ethnic groups [25] . Yet among African Americans, the B haplotype, associated with the control group and with higher bone density in the osteoporotic Caucasians, is significantly less common compared with the sampling of European Americans. The fact that African Americans do not have the osteonectin 3′ UTR profile we are ascribing to Caucasians would suggest that interaction between the osteonectin gene and other genes or factors is likely in the association with bone density.
The osteonectin gene contains ten exons and gives rise to mRNAs containing a short 105 base 5′ untranslated region (UTR), a 912 base protein coding region, and a 1114 or 2121 base 3′ UTR, due to differential usage of polyadenylation signals [26] (Fig. 1) . The shorter mRNA, containing the 1114 base 3′ UTR, is the predominant transcript in humans and the only osteonectin transcript found in mice, rats, cows and other species [26] [27] [28] [29] . Overall, the amino acid sequence of osteonectin, its intron/exon structure, and portions of the osteonectin 3′ UTR are highly conserved across species. Further, the three SNPs we characterized are found within a relatively small region, ∼1000 bases in length. We hypothesize that regulatory motifs are contained within this region and these polymorphisms may affect UTR function. Further, regulatory motifs may interact with each other in this limited span of nucleotides, underscoring the importance of considering 3′ UTR haplotypes, in addition to individual SNPs. It is noteworthy that the osteonectin gene, located at chromosome 5q31.3-32, is in a region that has shown evidence of linkage to bone mass in several large genome scans [30] . The osteonectin 3′ UTR SNPs of interest may be contributing to that linkage signal.
Three previous studies have attempted to find an association between osteonectin gene polymorphisms and connective tissue/musculoskeletal disorders. A study by Zhou et al. suggested an association of osteonectin 3′ UTR SNPs with the clinical presentation of systemic sclerosis [20] . However, subsequent study of a different cohort of systemic sclerosis patients failed to document an association between osteonectin SNPs and fibrotic disease [21] . In this second systemic sclerosis study, eight SNPs were examined: five in the 3′ UTR, two in the putative promoter region, and one in exon 3, which does not affect amino acid coding. The only previous study assessing osteonectin gene polymorphisms and bone mass involved analysis of a polymorphic dinucleotide (CA) repeat in an intragenic region of osteonectin in pre-and perimenopausal women participating in the Michigan Bone Health Study. Analysis of this intragenic region failed to reveal an association between osteonectin polymorphisms and bone mass [31] .
In our study of the osteonectin 3′ UTR, substitution of a single base pair at SNP 1599 (G→ C) accounts for the difference between haplotypes A and B (i.e., 1046_1599_1970: C_G_T vs. C_C_T), that we have associated with lower or higher Z-score tertiles within the patient group, respectively (Table 5 and Fig. 3) . Further, the presence of at least one B, even in the presence of an A, seems to confer a bone density advantage, and that haplotype pairs consisting of an A without a B are significantly more common in the patients than the controls. Although the 3′ UTR can regulate mRNA stability and translation, we have not yet confirmed whether the SNPs themselves regulate osteonectin expression or contribute to the observed differences in BMD. Alternatively, it is possible that the 3′ UTR SNPs could be in linkage disequilibrium with an unidentified key regulatory element regulating gene expression.
Despite the importance of osteonectin in the skeleton and in extraskeletal tissues such as skin, eye, and blood vessels, data on mechanisms regulating its expression are limited [9] . Promoter elements necessary for basal level and cell-type specific expression of osteonectin have been mapped for the human, bovine and murine genes [32] [33] [34] [35] . Osteonectin gene transcription can be stimulated by transforming growth factor β in fibroblasts, and induction of osteonectin promoter activity by dexamethasone or retinoic acid has been reported [36, 37] . However, there is little information available on the post-transcriptional regulation of osteonectin. Although fibroblast growth factor-2 has been shown to decrease osteonectin mRNA stability in osteoblasts, the trans-acting factors and 3′ UTR elements necessary for post-transcriptional regulation of osteonectin have not been defined [38] .
The present study has several caveats. First, the sample size is not as large as is optimal for identifying additional positive findings, particularly with regard to the more rare alleles (i.e., SNP 1046_G and SNP 1970_G) and 3′ UTR haplotypes (i.e., D and E). We also note that our results only apply to Caucasian men. We do not know if our observations would hold in women or in other ethnic groups. These limitations notwithstanding, the results of this candidate gene study are compelling and warrant further investigation. Our findings highlight osteonectin as a plausible candidate gene contributing to bone mass in Caucasian men. By expanding our cohort size in future studies, by studying women as well as men, by exploring the way this gene segregates with BMD in family members of osteoporotic men, and ultimately, by studying the regulatory function of the osteonectin 3′ UTR in osteoblasts, future work will further define the role of the osteonectin gene in modulating bone density in both disease and health.
